Texture is of vital importance when rendering realistic infrared images. Traditional attempts to simulate infrared textures often suffer from insufficient realism seen in actual infrared images. This paper presents a synthesis model for generating infrared texture of aeolian sand ripples. By integration of physical radiation model and texture structure model, sources of variability that causes IR texture are modeled. The physical radiation model takes into account geometrical, thermodynamic and meteorological parameters and calculates the thermal radiation distribution of different surface slopes. The texture structure model is introduced based on natural landscape features to simulate spatial distribution patterns of aeolian sand ripples. Simulation results are indicative of good performance of the proposed method to simulate radiometrically-correct yet visually-appealing infrared textures.
INTRODUCTION
Thermal infrared (TIR) imaging can be found widespread applications in such fields as remote sensing, agriculture, and military because of the incredible ability at anti-jamming in all-weather operations. The goal of infrared (IR) imagery simulation is to provide a practical alternative to the often expensive cost and staggering effort required to collect actual data.
As texture is the decisive factor in representation and recognition of natural objects, researchers of industry and academic alike have attached much importance to rendering visually realistic IR texture in recent years. IR texture in this paper refers to the image's spatial and spectral in-class variability [1] . Generally, infrared texture can be generated in two ways: conversion from images of the visible (VIS) band, and model-based IR texture synthesis.
The conversion approach is based on rigorous segmentation of different material regions of a VIS image. Each material is attributed optical and thermodynamic properties (absorptive, emissive, thermal conductivity, thermal capacity, et al). By using thermal models, surface temperatures for each material under various conditions are predicted, and thermal radiations are calculated. The gray scale representation of TIR radiation is obtained by mapping different IR characteristics to corresponding material regions. An obvious drawback emerges when large-scale, continuous regions with simplex material composition exist in the simulated scene. The conversion approach often suffers from a lack of realism because homogenous regions are mapped uniform gray level, thus simulated results fail to preserve the natural details seen in actual TIR images.
In 1994, Gambotto [2] proposed an analysis/synthesis simulation procedure. Specific algorithms were developed to extract texture signal from VIS images based on the assumption that texture resulted from small changes in region properties such as: reflective or thermal properties and surface orientation, and texture signal was dependent on average luminance and contrast of the region. However, texture signal derived in this method is unstable as situation (such as weather conditions, time and view angle) changes. In 2003, Shao et al. [3] presented an image synthesis method on the premise that textures of different spectral bands had similar gray distributions. Then texture mask taken from a VIS image is regarded as the gray level fluctuation. IR textures are synthesized by introduction of the texture mask. In fact, simply using texture mask of visible images to generate infrared texture is unreliable most of the time, because visible texture and infrared texture have essential differences in origin: visible textures are caused by spectral reflectance changes, while infrared textures are reflection of thermal radiation variances. Recently, infrared textures are generated from VIS images in order to augment fidelity [4] [5] . By considering atmosphere attenuation, blurring effect and sensor noise, texture details are added simply through normal distribution random function in image plane. In spite of all these efforts in conversion of VIS images to infrared textures, natural textures are not synthesized adequately.
Model based texture synthesis uses mathematical models to describe and generate textures. Markov Random Field (MRF) [6] [7] [8] is deemed to be the most successful texture model, and several other models (GLC [9] , SAR [10] , CM) and algorithms also found widespread applications. These models are insufficient in practical use in two aspects. On the one hand, for different types of textures, the model parameters need to be adjusted repeatedly; sometimes it is even impossible to find suitable parameters. On the other hand, synthesizing textures by feature matching (such as pix-based and patchbased texture synthesis) is greatly subjected to the complexity of texture samples. To sum up, current methods are insufficient to deal with arbitrary textures, especially natural textures.
Aeolian sand ripples are the smallest sand pattern formed by wind and also basic structure of desert landscape. Traditional approaches cannot sufficiently create realistic infrared textures. In order to improve upon existing texture generation methods, a novel IR texture synthesis method consisting of a physical radiation model and a texture structure model is proposed. The remainder of this paper is organized as follows. In section 2, the physical radiation model is constructed by incorporation of geometrical, thermodynamic and meteorological parameters. The texture structure model is introduced in section 3 based on natural relief features to add realism to IR textures. Section 4 presents the texture synthesis process, and section 5 shows the simulation results of aeolian sand ripples. Conclusions and discussions are given in section 6.
PHYSICAL RADIATION MODEL
Since materials show both geometrical and thermal variances [11] , models accommodating both geometric and thermodynamic inhomogeneities would have good performance in realistic IR simulation. The physical radiation model is an energy conservation process dependent on heat exchanges with the environment and on the geometrical and thermodynamical properties of surface materials.
Geometry Model
Surface geometry modeling is very important in simulation because absorptive and reflective irradiance by the sun and sky is sensitive to geometrical properties. For large-scale landscapes, accurate geometry modeling can be huge workload. In this paper, a simplified geometry model is used.
Natural aeolian sand ripples are composed of convex windward slopes and concave leeward slopes [12] . Fig.1 shows the cross section of aeolian sand ripples: Fig.1 (a) is the cross section of real sand ripples; Fig.1 (b) is the simplified geometrical model. In Fig.1 , an east wind causes a flat eastward/windward slope and a steep westward/leeward slope. We use the surface roughness model proposed by Torrance and Sparrow [13] that assumes the land surface to be consisting of asymmetric V-cavities with upper edges in the same plane [14] . It can be seen from Fig.1 that the simplified geometrical model is much closer to the real one. In this paper, the surface geometry is described in terms of surface slope θ and azimuth angle φ . The geometrical parameters for windward (eastward) and leeward (westward) slopes are ( ) : 9~18° for slope toe, 11~15° for medi-slope, 4~9° for upper slope, and 1° for dune crest. The slope angle of leeward surface has a gentle variance in comparison with windward surface. In this paper, the slope angles at several sample points (P1~ P7) are given, we utilize polynomial fitting algorithms to obtain the slope angles at every other position. In Fig.2 , P1, P2, P3 represent slope toe, medi-slope and slope crest of leeward surface; P7, P6, P5, P4 represent slope toe, medi-slope, upper slope and slope crest of windward slope. (1) where x and y represent the horizontal and vertical positions of surface sample point P ; q p n m , , , are unknown parameters. Given the position of P1 and the slope angles at P1, P2, P3, the leeward slope can be easily solved. Similarly, the windward slope can be expressed as: e dx cx bx ax y
(2) Given the position of P7 and the slope angles at P4, P5, P6, P7, the unknown parameters
can also be solved. Assuming the x-coordinate of dune crest is 0, the dune cross section can be expressed by:
The slope angle
is surface gradient at ( ) y x, , which can be determined by:
Surface points at the same slope are assigned the same azimuth angle: 90°for P1, P2, P3, and -90°for P4, P5, P6, P7.
Thermal Radiation Model
The prediction of surface temperature is handled by thermal radiation model that utilize material geometrical, thermodynamic, and meteorological parameters. The energy conservation on land surface is given by: We use Newton-Raphson algorithm to solve surface temperature. Surface self-emission is calculated using Plank's law:
where ε is the emissivity of surface material, 2 1~λ λ is the detected waveband, 1 c and 2 c are the radiation constants:
The physical radiation model is foundation of generating a radiometrically-correct texture.
TEXTURE STRUCTURE MODEL
Texture is a major factor that impacts both the visual appearance and the overall scene statistics of imagery throughout the electromagnetic spectrum [18] . In this paper, we propose a texture structure model to add realism to infrared images. Fig.3 is VIS texture of aeolian and ripples. The morphological characteristics can be summarized as: • A couple of waving curves (sand ridges) appear as evident texture elements in the image space of aeolian sand ripples.
Natural Features of Aeolian Sand Ripples
• The spatial distribution of sand ridges exhibits some kind of periodicity.
Sand ridges are reflection of natural landscapes, and are common texture elements in both VIS and TIR bands. In this paper, we firstly propose to model sand ripples with B-spline fitting algorithms. Fig.4 shows the texture structure of aeolian sand ripples. Single sand ridge is represented by a waving curve. The smoothness and continuity of sand ridges is suitable for B-spline fitting. The texture structure can be expressed as:
Texture Structure Model
where k is the sand ridge index, and n is the number of sand ridges in an image. Each sand ridge k B is defined by several control points. The position of the ith control point ( )
where m is the total number of control points per ridge; w and h are wave length and wave height respectively. 0 v v = is the centerline of current sand ridge in V direction.
() rand is Gaussian random number ranging from 0 to 1; is the image size. The two parameters should be controlled within a small range so that neighboring sand ridges will not intersect into each other.
In this paper, we use uniform cubic B-spline, assuming that control points are distributed with equa-distance in U direction. The kth sand ridge is fitted as the ensemble of 
After the modeling of single sand ridge, the arrangement pattern of n sand ridges can be generated by adjusting the centerline 0 v v = . The proposed model is advantageous in simulating aeolian sand ripples with different spatial densities and directions by adjusting the wave length, wave height and direction.
INFRARED TEXTURE SYNTHESIS
IR textures of aeolian sand ripples are generated following three steps.
Surface Geometry Modeling
The goal of surface geometry modeling is to introduce surface geometrical variance into the IR radiation model. The slope angles of surface point change with its position. Points at the same slope share the same azimuth angle. The geometrical properties along sand dune are given in section 5.
IR Radiation Modeling
The hourly IR temperature and radiation are solved from physical radiation model. Among all the parameters that affect the surface radiation characteristics, material properties (solar absorptivity and thermal emissivity) are supposed to be homogenous in a diurnal cycle. We fix thermodynamic parameters in order to lower the remaining degrees of freedom in the IR radiation model. Surface geometry is deemed as principle source of radiation variance, because it determines the effective angle of illumination by the sun and the amount of received diffuse irradiance from the sky and background. The predicted temperature and radiation are expected to have spatial variation from windward to leeward slopes. Moreover, surface temperature and radiation will change with meteorological conditions, so they will also present temporal variation.
To faithfully simulate the spatial distribution of IR radiation, temperature/radiation should be estimated on a per-pixel based. However, that will be notoriously time-consuming. In this paper, we choose several sample points representing different positions of surface slopes and calculate the hourly IR characteristics. Other surface points are fitted with these sample points.
IR Texture Simulation
Using the proposed method in section 3, the arrangement pattern of sand ridges is firstly drawn in image space. The two flanks of each sand ridge depict the leeward and windward slopes. The final infrared image is obtained by mapping the radiation distribution to corresponding positions in image space. We assume that gray level is proportion to radiation intensity, and adopt the following linear quantization formula: M is the calculated radiation at certain position. By (11) , each position on the surface slope is assigned a gray level.
SIMULATION RESULTS
This section presents the results of using the above approach to simulate realistic IR texture of aeolian sand ripples. Firstly, surface geometry is modeled. Surface cross section fitted by polynomial fitting algorithms is expressed by: (12) Slope angles are obtained from (4) . Fig.5 shows slope angles from leeward to windward surfaces. Slope angles increase gently (°28~°34 ) from leeward toe to dune crest, and decrease gradually (°13~°1 ) from windward toe to crest. Secondly, physical radiation model is used to compute temperature and radiation characteristics. The input parameters are listed in Table I . The actual radiation a thermal imager detects includes not only self-emitted radiation of object but also reflected and emitted radiations from the sun, sky and atmosphere. In this paper, the simulated waveband is LWIR (8~12 m μ ), where self-emitted irradiance is dominant. Average radiation of westward/leeward and eastward /windward slopes vs. time plots is shown in Fig.6 . Eastward slope has higher radiation than westward slope from 7:00 am to 11:00, because eastward slope receives more solar insolation during the first few hours of sunrise. The intersection (crossover) of two curves occurs at 12:00, after that, the thermal radiations of westward slope exceed that of eastward slope from 13:00 am to 16:00, owing to more solar insolation in the east before sunset. The correlation curve is indicative of the decisive role of sun irradiation on surface thermal radiation during daytime. Fig.7 demonstrates the change of thermal radiation at different positions of surface slopes at 21:00 pm: sample points 1~11 on leeward slope and 12~22 on windward slope. Notice that IR radiation changes just in the opposite way as surface slope angle (see Fig.5 ): IR radiation decrease from leeward toe to dune crest, and increases from windward toe to crest. This is acceptable because diffuse irradiance from the sky is the main energy source at night. The reflected irradiance from the sky increases with slope angle increases, thus the absorptive irradiance decreases with increasing slope angle. (6:00 am) Finally, the proposed texture structure model is introduced to draw waving sand ridges in simulated textures. The thermal radiations of windward and leeward slopes are mapped to two flanks of sand ridges. Fig.8 shows the simulated infrared textures in the daytime (11:00) and at night (21:00). It is evident that average radiation determines the brightness of infrared textures. The number of control points and sand ridges determine the shape and spatial density of sand ripples. The texture parameters are listed in Table Ⅱ . Strictly speaking, simulated IR textures should be compared with real IR imagery-the "correlating" screenshots taken from test simulation and from video recordings by a real sensor. There is however a lack of real imagery for aeolian sand ripples, which makes it hard to give quantitative assessment about how well the simulation results reflect real-world IR imagery. Under such circumstances, we have a qualitative evaluation of the realism of simulated IR texture by comparison with VIS texture. In Fig.8 , windward/eastward slopes seem to be brighter than leeward/westward slopes, because surface temperature and radiation at simulated hours are higher. The spatial distribution of sand ripples in IR textures resembles the structural features in VIS images.
DISCUSSIONS AND CONCLUSIONS
Creating a visually-realistic yet radiometrically-accurate simulation of TIR imagery is a challenge in IR simulation. Previous attempts have suffered from insufficient realism when simulating natural textures. The proposed method aims to model sources of variability-surface geometry and induced variation in solar insolation and diffused sky irradiance. The main contribution includes but not limited to the texture structure model, which is applied to simulate the spatial pattern of aeolian sand ripples. Simulation results are indicative of good performance of the proposed method when reproducing the natural variability of aeolian sand ripples.
To summarize, the proposed method integrates basic principles of infrared radiation theory and a texture structure model to generate realistic IR textures. In fact, the texture simulation method should not be confined to aeolian sand ripples. Additional research could be undertaken by improvement of the texture structure model or utilization of thermal property variance to determine how well the framework of IR texture simulation may still perform.
